One of the most cited hypotheses explaining the inordinate success of a small proportion of introduced plants that become pests is the 'natural enemies hypothesis'. This states that invasive introduced plants spread rapidly because they are liberated from their co-evolved natural enemies. This hypothesis had not been properly tested until recently. Previous reviews on this topic have been narrative and vote counting in nature. In this review, we carried out quantitative synthesis and meta-analysis using existing literature on plants and their herbivores to test the different components of the enemy release hypothesis. We found supporting evidence in that (1) insect herbivore fauna richness is significantly greater in the native than introduced ranges, and the reduction is skewed disproportionally towards specialists and insects feeding on reproductive parts; and (2) herbivore damage levels are greater on native plants than on introduced invasive congeners. However, herbivore damage levels are only marginally greater for plants in native than in introduced ranges, probably due to the small numbers of this type of study. Studies quantifying herbivore impacts on plant population dynamics are too scarce to make conclusions for either comparison of plants in native vs introduced ranges or of co-occurring native and introduced congeners. For future research, we advocate that more than two-way comparisons between plants in native and introduced ranges, or native and introduced congeners are needed. In addition, the use of herbivore exclusions to quantify the impacts of herbivory on complete sets of population vital rates of native vs introduced species are highly desirable. Furthermore, three-way comparisons among congeners of native plants, introduced invasive, and introduced non-invasive plants can also shed light on the importance of enemy release. Finally, simultaneously testing the enemy release hypothesis and other competing hypotheses will provide significant insights into the mechanisms governing the undesirable success of invasive species.
Introduction
The enemy release hypothesis (ERH) states that introduced invasive species are successful because they left their co-evolved natural enemies behind. This idea makes intuitive sense and is the theoretical foundation of classical biological control. It is one of the most cited explanations for the undesirable success of introduced invasive species worldwide (Crawley 1997; Maron and Vila`2001; Keane and Crawley 2002) . However, vigorous testing of the ERH did not start until very recently. Maron and Vila`(2001) were the first review to evaluate the ERH from empirical studies. Since published direct comparisons were lacking, they evaluated the validity of ERH by examining studies on native herbivore and native plant interactions. The rational behind this approach was that if ERH is valid, one should observe regulatory effects of native herbivores on native plant populations. They concluded that only short-lived perennials, which lack persistent seed banks and have to rely on current seed crops for recruitment, should be affected by enemy release. This conclusion constitutes a hypothesis itself. Keane and Crawley (2002) tested three assumptions that they inferred from the ERH: (1) specialist enemies will be absent on exotic species; (2) host switching to exotic invasive species by specialists of native congeners will be rare; and (3) generalists will have a smaller impact on exotic species than on native congeners. The first prediction turned out to be false because there is evidence that some specialists feed on exotic invasive species, even though the phenomenon is probably rare. There were no adequate data to test the second assumption. The study found support for the third prediction, but the conclusion was based on 11 comparisons, only one of which involved herbivore exclusion experiments. Colautti et al. (2004) conducted a wide-ranging review of studies testing ERH, which included data on diverse groups of organisms and their predators, parasites, herbivores, and/or pathogens. They categorized these studies into two broad categories: (1) comparative or correlative 'biogeographical' studies, in which native and introduced populations of the same species were compared; and (2) 'community' studies in which non-indigenous species were compared with native counterparts. They found that the conclusions drawn from these two types of studies were contradictory. 'Biogeographical' studies supported the ERH while 'community' studies did not.
All the above reviews were qualitative narrative summaries of empirical studies. A quantitative synthesis and analysis of published data is needed to more rigorously test the ERH. While quantifying biotic resistance to exotic plant invasion, Levine et al. (2004) carried out a meta-analysis on the effects of herbivore exclusion on exotic invasive plants and found that herbivores did exert negative effects on establishment and performance of invasive plants. Their analysis focused mostly on mammal herbivores (10 of the 12 studies included). In addition, they did not consider the effects of herbivores on co-occurring native species. As they pointed out, even though the negative impact of herbivores were significant, the relative abundance of invasive plants increases if herbivory impacts native species to a greater extent.
Here, we employ this quantitative approach using a meta-analysis on native and exotic plants and their insect herbivores. Herbivores, in this review, are defined as insects feeding on one or more parts of a plant. We have used 'introduced' and 'exotic' to indicate plants that have been brought to a new area (often a different continent), and 'invasive' for introduced plants that have become very common and are spreading (Myers and Basely 2003) . Comparative studies on plants and insect herbivores are relatively abundant, but only a few fulfill the requirements (means, standard deviations, and sample sizes) of modern meta-analysis to allow calculation of effect size.
We hypothesize that liberation of invasive exotic plants from natural enemies may be interpreted in the following three ways: (1) insect herbivore fauna richness is reduced; (2) insect herbivore load, i.e. damage level or abundance of phytophagous individuals is reduced; and (3) impact of insect herbivory on plant population vital rates is reduced. The first hypothesis on reduced insect herbivore richness in invasive exotic plants may be further divided into the following predictions: (a) the total number of phytophagous insect species is reduced; (b) the percentage of specialists insects is reduced; (c) the percentage of endophagous insects is reduced (since endophagous insects are more likely to be specialized); and (d) the percentage of phytophagous insects feeding on reproductive parts, which presumably have more direct impact on plant recruitment, is reduced.
Materials and methods
We carried out our literature search through Cambridge Scientific Abstracts, using data bases of Agricola, Biological Sciences (including Ecology Abstracts), Biology Digest, and Plant Science. We used various combinations of the keywords: herbivores, herbivore fauna, or herbivory, introduced or exotic or invasive species, natural enemy, and enemy release. Additional papers were obtained by examining the reference lists of original articles. Only plant species that have been introduced for >100 years were included. In addition, crops were excluded because of the highly artificial conditions they were usually subject to. Much of the published data were in graph form. We photographed those graphs with a digital camera and read them using the UTHSCSA Image Tool (http://www.ddsdx.uthscsa.edu/dig/itdesc.html) to extract these data for our quantitative synthesis. Studies testing ERH have been done in two ways: examine herbivore diversity, load, and impacts either in plants native vs in introduced ranges, or between invasives and native counterparts in the same region. The second type of comparison is more informative if the pairs are close phylogenetically and similar ecologically because herbivory varies widely across plant families and genera (Agrawal and Kotanen 2003) . We therefore only include studies that are carried out between congeners or confamiliers for the second type of study. These two types of data were kept separate when we compiled the data. When a group of compiled data fulfilled requirements of modern meta-analysis, with means, variation, and sample size, we used MetaWin (Rosenberg et al. 2000) to calculate Hedge's d, one type of effect size. When the compiled data did not fulfill meta-analysis requirements but we had more than five comparisons, we used paired t-tests to quantify the differences statistically using SPSS 10.0 (SPSS, Chicago, Il, USA). When multiple t-tests were performed for each set of data, we adopted Bonferonni corrections to adjust P values to ensure the overall statistical type I error was less or equal to 0.05.
Results

Insect herbivore richness
We found data on 15 plant species whose herbivore faunal diversity was compared in the native and introduced invasive range (Table 1 ). All these data came from field surveys of one or more populations except for one case, in which data were obtained from a literature survey (Blossey et al. 2001) . A paired t-test indicated that plants have significantly higher numbers of phytophagous insect species in their native than in introduced ranges ( Figure 1a ). In addition, among these insect faunas, the percentage of specialist and endophagous insects were higher in the native than in introduced ranges (Figure 1b , c). There were also significant differences in feeding niches between the two ranges. Specifically, the percentage of insects feeding on plant reproductive parts was significantly larger in the native than in the introduced ranges ( Figure 2 ). The opposite was true for insects feeding on vegetative parts. No significant difference was found in the percentage of insects feeding on roots in native vs introduced ranges ( Figure 2 ).
We only found two reports comparing the herbivore faunas on introduced and native congeners in the same region (Table 2 ). In one case, Bu¨rki and Nentwig (1997) surveyed the invertebrate herbivore communities of Heracleum mantegazzianum, an invasive weed introduced from the Caucasus, and H. sphondylium, a native to Switzerland. They found no difference in number of herbivorous insect species between the two congeners. However, the percentage of specialist insects was higher in the native than the introduced plant species (Table 2 ). In the other case, Lindelo¨w and Bjo¨rkman (2001) compared insect herbivore fauna of lodgepole pine (Pinus contorta var. latifolia), a tree species introduced to Sweden from North America, with that of Scots pine (Pinus sylvestris), a native to Sweden. They found that the native pine had a higher number of herbivorous insect species than the introduced congener. In contrast, lodgepole pine had a higher percentage of specialists than the native congener (Table 2) . No statistical test was possible for this comparison. et al. (1968) , Hilgendorf and Geoden (1982) , Wilson and Flanagan (1993) (N, native range; I, introduced range).
Herbivore load
Here we defined herbivory load as either the level of damage by insects on a per leaf, per individual or per population basis, or the number of phytophagous individuals per plant. For example, the herbivore load of Silene latifolia was the percentage of individuals with insect damage in a population (Wolfe 2002) . Due to need of combined variables to boost sample size, we believed that it was reasonable to combine the above two types of variables because damage levels are often correlated with the number of phytophagous insects present. For example, in our own study, the number of leaves chewed or rasped by caterpillars were found positively correlated with the number of caterpillars found on Eugenia axillaries (r 2 =0.91, F 1,46 =491.17, P<0.001) and E. foetida (r 2 =0.90, F 1,45 =382.47, P< 0.001), two woody species native to South Florida (Liu and Stiling, unpublished data). We found seven comparisons on herbivore load of introduced plant species in their native vs introduced ranges, among which two comparisons were done on the same species (Table 3) . We kept these two cases separate as was done by the original authors ( Connor et al. 1980 ). Due to the incomplete information on variance, we performed a paired t-test, instead of a meta-analysis for this comparison. Since the measured variables were on scales of several magnitude differences (Table 3) , we log transformed (base 10) the variables before we carried out the paired t-test. Herbivore load was greater for plants in their native than in their introduced ranges, but the difference was not statistically significant (Figure 3) . We found 21 comparisons of herbivore damage between congeners (20 cases) or confamiliar pairs (one case) (Table 4 ). When we used the vote counting technique to summarize the data, we found that among the 21 cases, only nine of them were in support of ERH, which was less than 50% of the cases. However, when we performed a meta-analysis on these data, we found that the main effect size, Hedge's d, was )0.24 with a 95% confidence interval of )0.37-)0.10, a range which did not include zero. This indicates that herbivore damage to introduced invasive species is significantly smaller than damage to native species at P<0.05 level. This is contrary to the vote counting results. However, the more conservative bootstrap confidence interval of the Hedge's d effect size did include zero ()0.48-0.10), so that the comparison of herbivore damage between native and introduced congeners was inconclusive. 
Herbivore impacts
We found only two studies comparing the impacts of insect herbivory on population vital rates, (i.e. plant growth, survival, and/or reproduction) between plants in their native range (or native plants) and plants in their introduced range (or introduced congeners). Such impacts can only be quantified via herbivore exclusion experiments and documentation of plant population parameters over a relatively long period of time. Due to the low number of available studies, no statistical tests were possible. We thus verbally summarized each case. Schierenbeck et al. (1994) was the first study quantifying effects of herbivory on invasive species and native congeners via herbivore exclusion experiment. They found that when herbivores were excluded, native Lonicera growth increased, but not the introduced invasive Lonicera. Their results support the ERH.
DeWalt et al. (2004) was so far the only published study that did a parallel herbivore exclusion experiment in the species' native range and its invasive range. They found that in Costa Rica, Clidemia hirta's native range, exclusion of insect herbivores increased survival in understory habitat, but not in open habitat. No differences were seen in Hawaii, the introduced invasive range. This study showed conditional support for the Enemy Release Hypothesis, depending on the habitat. DeWalt et al. (2004) used this habitat dependency to explain habitat type expansion of Clidemia hirta in the invasive range. Clidemia hirta only occurs naturally in the open habitat in Costa Rica, but it can be found in both open and understory habitats in Hawaii, its invasive range.
Discussion
Our review shows strong evidence supporting our first prediction: that on introduced invasive plants the number of herbivore species is indeed lower. Furthermore, the escape from insect herbivores by the introduced invasive species is disproportionally skewed towards specialists, endophytophagous insects, and insects feeding on reproductive parts. Reduction of insect species Wolfe (2000) (N, native range; I, introduced range).
number on introduced host plants are somewhat expected due to 'invasion bottleneck' effects, which posit that because usually only a limited number of propagules are associated with an introduction event, only a subset of enemies are likely to be introduced as well (Colautti et al. 2004 ). On the other hand, introduced plants may recruit new herbivores from local insect pool in the introduced range to counter the initial loss of herbivores (e.g. Bu¨rki and Nentwig 1997) . However, one should be cautious when interpreting species richness comparisons between two geographic ranges. There are many factors influencing the richness of phytophagous insect species, e.g. plant geographic ranges, the amount of time elapsed since a species has been introduced to an area, and sampling effort (Strong et al. 1984 , Colautti et al. 2004 ). Nevertheless, we consider our results relatively robust for the following reasons. First, we only used data that were collected from field surveys of one or more populations of the target plant species, rather than compiled phytophagous species lists from literature surveys; with the exception of Blossey et al. (2001) . The latter methodology usually gives a larger number of insect species that came from multiple survey efforts and covers the entire range of the species. In this way, we minimized the biases due to differences in the geographic ranges and survey efforts. In Blossey et al. (2001) the number of insect species in the introduced range was still much lower than that from field surveys in the native range. Second, each comparison was mostly done by the same research team such that their survey methods were more or less the same. Third, we only included species that have been introduced for at least 100 years. Although this is still a very short time on an evolutionary scale, it is nonetheless workable ecologically. Our data are consistent with that presented by similar studies, which provide strong support of ERH from data of the number of pathogen and parasite species and their infestation frequency of exotic vs native populations (Mitchell and Power 2003; Torchin and Mitchell 2004) .
Our second prediction, which states that herbivore load on introduced invasive species is lower, received positive support from our quantitative synthesis, even though this support was much weaker than that for insect fauna richness. Results seen in these studies vary much and are even contradictory. This may be due to the high individualistic nature of invasive species (i.e. each species may be unique in the success of invasion process). Interestingly, the conclusion drawn from this group of data would be somewhat different if one used the vote counting method. This discrepancy emphasizes the importance of quantitative synthesis, which can provide a different result than qualitative analysis. Nevertheless, it is apparent that the release in herbivore species richness is only partially translated into a release in herbivore load, (i.e. damage or number of herbivore individuals on the host plants), a conclusion similar to that drawn by Colautti et al. (2004) .
Finally, our third prediction, that the impact of herbivores on plant population vital rates is reduced, may be true, but there is insufficient data to demonstrate this. Herbivore impacts on plant population dynamics can only be quantified via herbivore exclusion experiments. This type of experiment is time-and labor-demanding, and as a consequence, rigorous field herbivore exclusion studies comparing native and introduced plants are seriously lacking. Yet, these types of studies will provide the most convincing evidence in terms of testing ERH. It is apparent from this review that to draw more robust conclusions about the validity of ERH, we need more two-way studies comparing herbivore damage in a host plants' native and introduced range, and also on co-occurring native and introduced congeners. In addition, among the few available studies that quantified the impacts of herbivory on plant vital rates, all studied only one or two population parameters. Studies that quantify effects of herbivory on complete sets of population vital rates (including growth, survival, and reproduction rates) are needed. An excellent analytical tool for this is population matrix model analysis. Matrices may be built for plant populations with and without herbivore damage for comparison of their respective population growth rates. Furthermore, measuring impacts of herbivore damages on congeneric introduced and native plants at the same range will allow us to best measure biotic resistance (Levine et al. 2004 ) and thence its roll in the invasion processes. On the other hand, studies that measure impacts of herbivore damage on plants in their native vs introduced ranges, combined with common garden experiments, will shed light on the generality of evolution of increased competitive ability hypothesis (EICA, sensu Blossey and No¨tzold 1995), which attribute the increased competitive ability of invasive species to the release of natural enemies. Furthermore, there exist plant systems in which congeneric native, introduced invasive, and introduced non-invasive co-occur in the same region. Such three-way comparisons can provide particularly insightful information on the validity of ERH. Finally, the three-way system is also ideal for simultaneously testing ERH and other competing, but not necessarily exclusive hypotheses, such as competition, and recruitment limitation.
